Abstract: Neuromorphic engineering is the approach to intelligent machine design inspired by nature. Here, we outline possible robotic design principles derived from the neural and motor systems of sea urchins (Echinoida). Firstly, we review the neurobiology and locomotor systems of sea urchins, with a comparative emphasis on differences to animals with a more centralized nervous system. We discuss the functioning and enervation of the tube feet, pedicellariae, and spines, including the limited autonomy of these structures. We outline the design principles behind the sea urchin nervous system. We discuss the current approaches of adapting these principles to robotics, such as sucker-like structures inspired by tube feet and a robotic adaptation of the sea urchin jaw, as well as future directions and possible limitations to using these principles in robots.
Echinoderm Motor and Nervous Systems and How They Could Inspire Robotics
Phylum Echinodermata is composed of the sea stars (Asteroidea), sea cucumbers (Holothuria), brittle stars (Ophiuroidea), feather stars (Crinoidea), and sea urchins (Echinoidea). All species within this phylum, apart from several predatory Asteroidea, are passive and highly efficient marine filter feeders, algal grazers, or detritivores [1, 2] . Members of the Echinoidea have evolved a number of very interesting anatomical and neurobiological features, which we believe could inspire novel robotic designs. To illustrate this point, we will first outline some of the interesting neural and motor systems of echinoids, and how these affect, influence, and drive behavior. Specifically, we will elaborate on the physical properties of their central nervous system, tube feet, spines, catch apparatus, pedicellariae, and covering behavior. We will then summarize the general principles which emerge from the study of the nervous and locomotory systems of sea urchins. Next, we will outline the few, but very interesting existing robotic approaches inspired by echinoderms in general (sea urchins, sea stars, brittle stars, and sea cucumbers), and possible approaches to robotics inspired by sea urchins not yet implemented. Finally, we will discuss possible limitations of echinoid-inspired robotic designs.
Owing to a lack of general research in echinoderm biology, sea urchins being of a particularly low priority, not all the work discussed in this article was conducted on sea urchins. Previous studies, especially pertaining to the central nervous system, have mostly been conducted on sea stars and sea cucumbers. However, due to the phylogenetic relatedness to their echinoid cousins, we will still discuss these studies as any findings are likely to translate across phyla.
Central Nervous System
Whilst echinoids possess a rudimentary central nervous system, it is much less centralized compared to that of highly cephalized animals, including all vertebrates and many invertebrates. They Tube feet move through a coordinated system of longitudinal and radial muscles. On the distal end of the tube foot sits a suction disc, which can attach itself to surfaces with the use of another set of muscles. In the sea star Asterias rubens, the force per unit area exerted by a tube foot was measured at about 0.2 MPa [19] . Differing attachment forces of the tube feet of several sea urchin species were measured in one study with Arbacia lixula, Paracentrotus lividus, and Sphaerechinus granularis exhibiting 0.05-0.09; 0.11-0.29, and 0.1-0.2 MPa, respectively [20] . Tube feet are thought to have evolved from respiratory organs and other gaseous diffusion systems [21] , and are also thought to be involved in photosensory signal transduction through the presence of vertebrate-type opsins and PAX6 [22] . Dependent on species and size of individual, hundreds to thousands of these multifunctional, mechano-sensory, adhesive organs are found on the body surface of sea urchins.
In sea cucumber, tube feet are connected to the ectoneural nervous system plexus, and contain local nerve fibers and cells with the terminal disc being particularly heavily innervated [23] . The disc also contains cells which secrete an adhesive substance (a mixture of lipids, carbohydrates, and proteins) useful in attachment to and manipulation of objects [24] . Tube feet function is further augmented by the presence of connective tissue with plastic mechanical properties [25] and are covered with chemoreceptors [26] . However, chemoreception in the deep sea urchin Stylocidaris lineata appears to be played out only via direct contact of the tube feet with objects in the environment, and any open space between the two appears to nullify sensory stimuli [27] . Therefore, in this species, tube feet can be considered organs of taste and not of smell.
Very interesting recent studies indicate that the terminal discs of the tube feet act as photoreceptors. Pax6 and opsin genes, which in vertebrates are expressed in the eye, are similarly expressed in the discs [28, 29] . Skeletal elements behind the Pax6 containing cells shade them and provide a sense of direction. This arrangement of a limited number of light-sensitive cells without lenses results in a low-resolution image, but in a perception of the visual field at low acuity. One study found a visual acuity of about 10.6 • in the sea urchin Diadema setosum [30] . Since the tube feet are motile, they can move the disk in different directions and sense light levels from all directions. It is not known, however, if echinoids actually use this process for directional vision.
Sea urchins, as a whole, are generally somewhat photophobic, and move away from light sources, with individuals of many species crawling towards crevices and dark hiding places during the day (personal observation). Since there is little evidence of other photosensitive organs known in the sea urchin, this photophobic behavior is likely due to an integration of the signals provided by the tube feet, as well as the spines and pedicellariae, which are also sites of both c-and r-opsins [28] . A subsequent integration of these signals by the nervous system, likely determines the direction of movement for the whole animal. As control of the muscular and nervous systems appears to be closely integrated, tube feet are likely capable of mechano-reception, and sense any external force applied to their disc. This is also confirmed by behavioral observations, as tube feet attached to an object release their grip once the force pointing away from the sea urchin passes a certain threshold [25] .
This type of neuro-anatomy is consistent with an integration of local signals with a coordinated global signal, originating in and going to the sub-epidermal ectoneural nervous system. The tube feet constitute a local element integrating chemo-sensory, photo-sensory, and mechano-sensory input, with motor output. Interestingly, tube feet function independently from the main body if a small part of the echinoid skin is excised from the animal [31] . The neurotransmitter GABA acts to excite the cholinergic motor neurones of the tube feet. Acetlycholine, via muscarinic and nicotinic receptors, activates the tube feet's muscles [32] .
Spines and Their Nervous Control
These are the iconic organs of sea urchins, by which the animals are recognized. Whilst the spines provide a defensive function, they are much more than immobile passive thorns. Sea urchins have the ability to move their spines, and orient them towards any perceived threat. Threats are sensed by the sea urchin, either via photosensitive receptors or through mechano-reception. Spine-induced-photosensory-perception likely stems from signal transduction from the tube feet, whereas the spines themselves are sensitive and react accordingly to physical stimuli.
Nerve fibers run along the length of the spines. In Diadema antillarum, 2-5 msec wide Ca 2+ action potentials, produced by a set of 14-21 bundles of neurites of~1000 processes near the spine base and tapering towards the spine tip were measured [33] . At the spine base, a basal nerve ring encircles the spine and contains the somata of neurons and nerve fibers [34] . These spines control the muscles orientating the spines, and the catch apparatus as described below.
Catch Apparatus
The catch apparatus is composed of a type of contractile connective tissue and sits at the base of the echinoid spines but is also present in tube feet stems [35] . The catch apparatus consists of catch connective tissue, mutable collagenous tissue that shows large changes in stiffness [25] . These changes are brought about by the activation of specialized proteins, tensilins, triggered by calcium influx and modulated by peptides (shown in sea cucumbers which regulate body stiffness with catch tissue [36, 37] ). This system seems to be under nervous control, as demonstrated in sea urchin spine [38] and sea cucumber body wall [39] . A mechanical division of labor takes place in the sea urchin spine: the spine muscles are responsible for spine movements and the catch apparatus for maintenance of spine posture [38] . This unique connective tissue is somewhat reminiscent of shape-memory alloys [40] , which could be used in robotic implementations of echinoids.
Pedicellariae
An additional type of echinoid appendage is the pedicellariae, closely resembling stalked claspers. Evolutionarily, the pedicellariae are derived from spines and come in several classes. These appendages serve various functions, including a physical defense against threats, a cleaning mechanism through the surface scraping and shedding of microbial biofilms and larger parasites, and in injecting venom into would-be predators [41] . The venom of some species (e.g., Toxopneustes sp.) is known to cause serious bodily damage in humans. The pedicellariae seem exclusively defensive in function and are not involved in the covering behavior as mentioned below. Similarly, to tube feet, pedicellariae maintain function for some time even following excision from the main echinoid body. Pedicellariae range in size from less than 100 µm to several mm.
Nervous Control of Pedicellariae
The spine-derived pedicellariae contain their own set of tactile sensors, nerves, and opening and closing muscle complexes. The jaws of the pedicellariae are covered in cilliated cells which are connected to the axons of neurons in the pedicellaria [42, 43] . Behavioral observations indicate a certain amount of coordination between neighboring pedicellariae, whereby activation of one prevents the closure of its neighbor's jaws.
Non-Centralized Nervous Control
The principle which emerges from the study of echinoid locomotion and behavior is that of non-centralized, locally integrated perception and motor control, with limited central coordination. Each tube foot, spine, or pedicellaria independently senses its environment (with tactile sensing in all appendages, and chemo-sensory and photoreception in tube feet), then reacts and acts based on this information. The appendages also send information about their states via the subdural nerve plexus, where it further converges onto the radial nerves and the circumoral nerve ring. On the level of the subdural nerve plexus, each appendage can recruit neighboring appendages for coordinated action, e.g., several pedicellariae might consolidate a group attack against a parasite. On the level of the radial nerves and the circumoral nerve ring, the behavior of the entire animal is determined as one. For example, a noxious stimulus on one side can cause the sea urchin to mobilize its appendages in a concerted effort for escape. Via the integration of local signals, the sea urchin can also act as one large eye, integrating the light signals from all its light-sensitive tube feet [28] .
The investigative work of Bullock and Smith, since the 1960s, has already revealed good information on the non-centralized nervous system of echinoids [44, 45] . Experimentally, they found that the spine convergence response only spreads on the surface of the animal along straight lines, and is not dependent on the presence of the central nervous system. In simulations, they found that such a type of propagation can occur in a sparsely connected network with rather precisely adjusted firing thresholds for each neuron, an adjustment which could happen during the ontogenetic development of each sea urchin. Their work shows that the model of coordinated action of semi-independent sensory-motor units, as outlined above, is quantitatively possible.
Covering Behavior
An intriguing behavior shown by a number of phylogenetically distant sea urchins, is to cover themselves with debris picked up from their environment [46, 47] . Spines and tube feet act together to select covering material and to transport it from the sea-bed up and onto the body of the animal (Figure 1 ). Different species of echinoids use different types of covering materials, including plant material, coral rubble, and calcium carbonate based shell fragments [48, 49] . Some species drop these fragments at night and collect other fragments the next day. This shows that the animals are going through a decision-making process involving the covering material, as opposed to passively and unselectively transporting any material found in their environments onto their body surfaces. Anti-predatory function [50] , UV protection [51, 52] , and weighing down in the face of water movement [51] have been shown to be effective reasonings for this covering behavior. Food storage may be another reason for this behavior, as several species prefer to cover themselves with sea-grass or rodolith algae. Microalgae is known to grow epiphytically on seagrass especially [53] , and sea urchins have been recorded transporting the fragments down their bodies and towards the oral surface of their test. This behavior is ecologically very interesting, and has been deemed as tool use by some workers in the field [49] . From the point of view of a roboticist, the covering behavior shows that a collection of semi-independent sensory-motor elements can collaborate to enable a complex type of behavior, i.e., tool use, believed to be unique to humans until a few decades ago [54] . Robots inspired by sea urchin anatomy and neurobiology need not be restricted to simple crawling and obstacle avoidance. It will (at least in principle) be possible to use such robots for more sophisticated tasks.
Current Echinoderm-Inspired Robotics
A limited number of very interesting approaches have been attempted to build robots inspired by echinoderm bodies. One group built a soft-bodied robot replicating the crawling motion of sea stars [55] . Sea stars use a gait involving all five of their arms for walking. They possess tube feet similar to those of sea urchins but use them to gain traction when walking with their arms, not as primary modes of locomotion as the sea urchins with their inflexible skeletons do. Fuzzy Q-learning was used to find an appropriate gait for a sea-star inspired multi-legged robot [56] . Brittle stars use a similar arm-based mode of locomotion, used as an inspiration for robotics [57] . This robot used coupled dynamical systems to coordinate the arms.
A different, equally interesting, locomotion principle is used by another echinoderm group, the sea cucumbers. These worm-shaped animals use peristaltic motion of their bodies to crawl, and can pass through constrictions narrower than their average body diameter. One study implemented a crawling mechanism similar to the one seen in sea cucumbers in a robot [58] . Other studies have resulted in: (1) The design and manufacture of a magnetically-controlled crawling mechanism based on tube feet [59] ; (2) the design and testing of an echinoderm tube feet inspired suction device with an improved performance in holding onto rough surfaces, together with a quick release mechanism [60] ; and (3) the creation of a sea urchin inspired robot, capable of traversing irregular surfaces [61] .
Whilst there are certainly several very interesting studies, with a focus on sea urchins as inspirations for developments in robotics, the field is still most certainly in its infancy. There remain very promising avenues of research to pursue, and principles of sea urchin functioning to be implemented.
Interesting Principles from Sea Urchins to Adapt in Robotics
The idea of neuromorphic engineering is not to replicate an entire animal, but to adopt the most interesting principles of the neural functioning of that animal for engineering purposes. We believe that there are a number of principles in sea urchin physiology and body function which could inspire the design of novel robots (Table 1) . First and foremost, this is an integration of miniaturized sensors of several sensory modalities, together with a motor system. The integrated sensory-motor units found in sea urchins are highly modular, and hence are scalable, where going from a robot with 100 to one with 1000 such units will not necessitate a fundamental re-design.
Another advantage will be the limited neural circuitry necessary to coordinate the local motor units. In animals with a highly centralized nervous system, like vertebrates or insects, a great amount of information converges on the brain and is processed there in highly complex nervous structures, involving interneurons with many synapses removed from sensory input and motor output. As a consequence, it is not always clear what the activity of these interneurons represents, which is a challenge both in neurobiology and in neuromorphic engineering hoping to draw inspiration from neurobiology. As an example, the neurons in higher sensory cortical areas of primates respond to vision, audition, and to a number of feature combinations in both of these sensory domains [62] [63] [64] . It is not completely clear what the precise inputs and outputs to these neurons (and brain regions) are, but they must be composed of sensory input, reverberatory activity originating in the same or in connected brain structures, and in activity based on memories. The occurrence of synchronized oscillations, relevant for information processing [65] in mammalian brains complicates this issue further. Neurons in higher brain areas of mammals are removed in multitudes from both the sensory input and the motor output by multiple synapses, and it is often unclear what the activity of these neurons represents.
This problem is alleviated if we only need to deal with a small neuronal network, which directly links sensory input to behavior, with only one level of interneurons and few synapses in-between. This is the case in the neural elements of the tube feet, spines, and pedicellariae. We know what these neurons encode and represent, and where their output goes. Understanding such a small neural system will be simple and implementing it in a robot will be much simpler, compared to a robot controller inspired by a mammalian brain. This distinct lack of neurons, as compared to highly cephalized organisms, and its entire nervous system made up of only hundreds of neurons should not automatically make us consider sea urchins as primitive. Once we assemble and coordinate hundreds of these semi-independent sensory-motor units, complex coordinated behaviors can ensue, as described in the covering behavior outlined above.
Only a limited central coordination is necessary to produce goal-directed emergent behavior for the whole animal from the activities of the multiple local sensory-motor units. In the sea urchin, this coordination is implemented by a nerve net and a central nerve ring. Since only a small amount of data is transferred between units, this could be done wirelessly in robots, and many independent units could coordinate, even if not physically connected. Several physically separate sea urchin robots connected in this manner would act as one functional entity.
A big advantage of a decentralized-modular body plan is that it shows graceful degradation. Sea urchins continue to operate and thrive even if some of their tube feet, spines, or pedicellariae are damaged, and a similar behavior when damaged would be beneficial in sea urchin-inspired robots. In fact, echinoderms are excellent at recovering when body parts are removed, with designated break-points present on their bodies [66] .
Current approaches to marine robotics concentrate on navigation and autonomous operation, mostly of torpedo-or platform-shaped automated vehicles. However, due to the remoteness of the locations that these robots operate in and difficulties in wireless signal transmission in water [67] , both autonomy as well as graceful degradation are highly desirable features of marine robots. In this regard, it is noted that "unexpected UUV changes include instrument failure, loss of communications with a collaborative robot (or operator), inability to profile the ocean floor, problems with thrusters or control fins, greater than expected energy consumption, etc." [68] .
Finally, clothing made of sea urchin-inspired skins might be a really interesting direction to go into. We believe that the main inspiration of sea urchins for roboticists is not the shape, tests (armor plate skeleton), or the algal-scrapping jaw-apparatus of echinoids, but their skin composed of multiple weakly linked, semi-independent sensory-motor units. A piece of clothing with such an echinoid-inspired skin would open up unique extensions of human capabilities, especially since the intelligence of such an echinoid-skin overall would be diametrically opposite to ours.
Possible Limitations
While we believe that robotic designs based on echinoids are highly promising, there are a few limitations of the echinoid body plan worth mentioning (Table 1) . Table 1 . Advantages and disadvantages of envisioned sea urchin-based robot designs.
Advantage

Reason Disadvantage Reason
Graceful degradation in the face of damage.
Skin-based elements semi-autonomous. Slow speed Difficulties in coordinating semi-autonomous elements quickly.
Scalability
Skin-based elements semi-autonomous.
Limited maximum size Difficulties in coordinating large numbers of semi-autonomous elements.
Ease of programming. Need to optimize a limited number of elements.
--
Restriction to Marine Environments
Echinoids, like all other echinoderms, are restricted to marine habitats; no terrestrial or freshwater-living echinoderms are known. This is most likely due to the ambulacral system of echinoderms, i.e., a hydraulic system filled with filtered seawater. This system would not work in dry or freshwater environments. Any robotic implementation of an echinoid motor system, even if so close to biology as to use a hydraulic system, would be unlikely to depend on uptake of seawater. The restriction of echinoderms to the ocean is hence not a problem likely to carry over to robotics and neuromorphic engineering.
Slow Speed
In sea urchins, the length of the tube feet is small in relation to the body size of the animal, and this likely limits their locomotory speed. It was argued "that the scaling of sea urchin locomotion may follow similar laws to those of legged animals, for which locomotor performance increases with size on horizontal surface, while their relative cost of locomotion increases with body size on inclined surfaces" [69] . The slow movement of these animals might be limited by the way they are built from a large number of small, semi-independent units, and this limitation might carry over to robots inspired by echinoids. There are still multiple applications of robots in which speed is not critical, which would be the right applications for echinoid-inspired robots.
Limited Size
With a modest diameter of only 30 centimeters, the largest currently known sea urchin is the deep-sea species Sperosoma giganteum. Does the de-centralized way of coordinating sea urchin locomotion also limit the maximum size of these animals? This is quite possible, while the use of a hydraulic system could also contribute to the limited maximum size. If the latter issue was limiting, a different technological implementation of the locomotory system would alleviate the problem (while maintaining the principle of using multiple semi-independent sensory-motor units). If indeed some yet unknown scaling law limits the number of semi-independent sensor-motor units which can successfully be coordinated, the size limitation will carry over to robotic implementations. The rather modest upper limit on echinoid size should be kept in mind when designing echinoid-inspired robots.
Summary
In summary, we advocate that the robotics community look at the biology of sea urchins for inspiration of new robot designs. We emphasize the semi-autonomous functioning of spines, pedicellariae, and tube feet, and the local sensory-motor integration in tube feet. The principles derived from sea urchin biology should allow the design of small, possibly swarming robots involved in non-time-critical tasks, but with a high tolerance for maintaining function when partially damaged. Possible examples would be robots involved in building or vehicle inspection and repair. Sea urchin skin-inspired clothing would be another interesting option.
